INTRODUCTION
The industry and profession-wide drive for computed tomography (CT) dose reduction has resulted in considerable progress towards substantial dose reduction for abdominopelvic CT. These developments have been achieved as a result of improved detectors, tailored protocols, automated exposure control (AEC) and more recently newer reconstruction techniques such as iterative reconstruction. All elements of the acquisition process are now under scrutiny as part of the overall dose reduction strategies. The use of intraluminal contrast agents in the setting of abdominal imaging is one such factor. Traditionally, positive oral contrast agents were favoured but there is a significant body of evidence that suggests that negative or no oral contrast have a similar efficacy both in the trauma [1] [2] [3] and non-trauma setting [4, 5] . In addition, neutral contrast agents are superior for bowel wall assessment, particularly in the setting of CT enterography (CTE) [6] [7] [8] [9] [10] [11] such that CTE or magnetic resonance enterography are recommended as first-line investigations in diagnosing Crohn's disease (CD) or in detecting Crohn's complications [12, 13] . Positive oral contrast universally contains either a dilute iodine-containing compound, e.g., 2% gastrografin or dilute barium. Negative oral contrast agents include water, polyethylene glycol (PEG), very dilute (0.1%) barium, methylcellulose, mannitol and milk. Water alone is not favoured as an oral contrast agent in the setting of CTE as bowel distension is suboptimal due to absorption. Most of the commonly utilised negative contrast agents contain a substance that retains or increases the intraluminal fluid volume thus improving bowel distension. A bulking agent such as PEG is amongst the most commonly employed. PEG ingestion entails consuming 1 to 1.5 L of a water-based solution over approximately 45 min preceding the scan. The intraluminal volume is further increased by osmosis due to the high effective osmolality of the consumed solution.
It is generally assumed that positive oral contrast agents lead to higher radiation doses than negative oral contrast agents, due to the increased radiation attenuation as a result of the increased density. In a prior study, Wang et al [14] demonstrated that the use of water resulted in decreased radiation doses when compared with utilization of positive oral contrast, in a phantom model. No published study has examined the effect that PEG oral contrast has on radiation dose when compared to positive contrast in vivo or in vitro.
To this end, we designed a study to examine the influence that positive oral contrast has on patient radiation dose on low dose abdominal imaging when compared with PEG neutral oral contrast.
MATERIALS AND METHODS
The institutional ethics research committee approved the study. Seventy-nine low-dose clinically indicated CTs were performed on patients with histologically diagnosed CD over a 3-year period. All patients were suspected of having an exacerbation of CD and CT was performed in order to assess the extent and severity of CD and to assess for fibrostenotic or extraluminal complications. Exclusion criteria included patients with CD who were less than sixteen years of age, pregnancy, patients with a contra-indication to intravenous contrast medium, patients presenting acutely via the emergency department and those without histological confirmation of CD. A positive oral contrast CT examination was performed on patients referred for CT in the first 18-mo of this study period and a negative contrast study was undertaken on patients referred for CT in the latter 18-mo of the study period. Written informed consent was obtained from all patients. Patients had their weight and height measured using a digital device (Seca electronic measuring station, Model 763, Seca Medical, Hamburg, Germany) and individual body mass indices (BMI) were recorded.
CT acquisition
All CT images were acquired using a 64-slice multidetector General Electric Lightspeed VCT-XTe (GE Healthcare, GE Medical Systems, Milwaukee, WI). Written consent was obtained from all patients and each one consented to having two contrast-enhanced CT scans of the abdomen and pelvis contemporaneously. The initial CT scan was a low dose scan which imparted approximately 10%-20% of a standard CT dosage regimen and the second scan was a conventional dosage scan which imparted approximately 80%-90% of a standard dosage regimen. The low dose studies only, performed with positive and neutral oral contrast, represented the imaging studies which underwent analysis as part of the current study.
All low dose scans were acquired with the following parameters: Tube voltage 100 kV, noise index 70, Z-axis tube current modulation range 20-350 mA and rotation time 0.5 s. For the positive contrast studies, the scan was commenced on arrested inspiration 45 s after peak aortic enhancement of 100 hounsfield units (HU). In the case of the negative contrast studies, to ensure a more "enteric phase" of enhancement, the scan commenced 20 s after peak aortic enhancement of 100 HU was surpassed on arrested inspiration.
Type of contrast used
Each patient was given either positive or neutral oral contrast as follows: With regard to positive contrast use, 2% Gastrografin solution was given as 1 L over 1 h as per departmental protocol. In contradistinction, neutral contrast, PEG "Klean Prep", was ingested as a 1.5 L solution over 45 min. Along with this, each patient was given a single 100 mL bolus of intravenous contrast (Iohexol, Omnipaque 300, GE Healthcare, Mississauga, ON) at a flow rate of 2.5 mL/s.
CT image reconstruction and CT dosage calculation
Images acquired were acquired at 0.625 mm thickness and reconstructed with a slice thickness of 2 mm. Low dose images were reconstructed using pure model based iterative reconstruction (MBIR) (GE Healthcare) in addition to hybrid iterative reconstruction (Adaptive Statistical Iterative Reconstruction, (ASiR, GE Heathcare).
The imaging performance and assessment in CT patient dosimetry calculator (ImPACT version 0.99x, London, England) was used to calculate effective dosage (ED) in all studies. Size specific dose estimates (SSDE) were also calculated, by a single observer, by multiplying the CTDIvol by multiplication factors as per American Association of Physicists in Medicine [15] .
Subjective and objective evaluation of CT image quality
The low dose MBIR images were objectively and subjectively analysed. Spherical regions of interest (ROI's) (10 mm diameter; 519 mm 3 volume) were used to calculate objective noise and signal to noise ratio at multiple levels. Mean attenuation in HU and standard deviation (SD) of the mean attenuation were recorded for all datasets. The standard deviation served as an objective measure of noise with mean attenuation divided by SD serving as a measure of signal to noise ratio (SNR) [16, 17] . The regions used to assess subjective and objective image quality were the liver at the right hemi-diaphragm level (level 1), liver at the porta hepatis (level 2), right renal cortex at the renal hilum (level 3), psoas muscle at the iliac crest (level 4), and gluteus maximus at the level of the acetabular roof (level 5). Subjective parameters assessed were spatial resolution, contrast resolution, streak artefact, subjective noise and diagnostic acceptability utilizing a previously employed grading system [17] [18] [19] adopted from the European Guidelines on Quality Criteria for CT document [20] . Subjective parameter assessments were performed by 2 readers (KPM, MMM) in consensus. Image quality of the solid organs, large bowel, small bowel, peri-colonic fat as well as the peri-enteric fat was subjectively assessed to ascertain diagnostic acceptability. Other subjective evaluations were performed at the 5 levels used in the objective analyses. All subjective parameters apart from streak artefact were scored using a 1 to 10 ranking system where 1 indicated poor image quality, 5 was deemed as acceptable, and 10 indicated excellent imaging quality for the relevant factor. The presence of streak artefact was assessed using a 3-point key where 0 represented no streak artefact, 1 corresponds to the presence of streak artefact that is not affecting the image quality and 3 represents interference with image quality.
Finally, the level of bowel distension was scored on a 3-point scale whereby 0 indicates unacceptable distension, 1 implies distension that is acceptable and 2 specifies excellent and complete distension. The jejunum, ileum, terminal ileum, caecum, ascending colon, transverse colon, descending colon, sigmoid colon and rectum were individually scored.
Statistical analysis
All statistical tests were performed with the Statistical Package for Social Scientists (SPSS) version 20.0 (IBM, Armonk, NY). Wilcoxon signed rank test was used for statistical analysis to compare the qualitative parameters (diagnostic acceptability, image noise, streak artefact, spatial resolution and contrast resolution). Normally distributed quantitative indices were compared using a paired t test. A difference with a P value of < 0.05 was considered statistically significant. All data are presented as mean ± SD unless otherwise stated.
RESULTS

Patient BMI, radiation dose and scan range
Seventy nine scans were performed over a 3-year period. Thirty-five positive contrast (PC) studies were acquired on patients with a mean age of 37. ) were recorded in this cohort. Six patients underwent both positive and negative contrast studies over the 3-year period. The NC cohort had, on average, lower BMIs than the PC group, though this difference was not statistically significant (24.44 ± 5.05 kg/m 2 vs 22.17 ± 5.32 kg/m 2 , P = 0.064).
The PC studies had the following mean radiation exposure parameters: Dose-length product (DLP) 85.65 ± 58.2 mGy.cm; ED 1.28 ± 0.87 mSv; SSDE 2.18 ± 0.96 mGy. Mean NC exposure parameters were: DLP 107.60 ± 78.7 mGy.cm; ED 1.61 ± 1.18 mSv; 2.47 ± 1.21 mGy. Averages for all exposure measures were greater for NC examinations but these differences were not statistically significant (DLP, P = 0.173; ED, P = 0.173; SSDE, P = 0.268) (Figures 1 and  2) . No significant difference (P = 0.939) was observed between both groups in terms of scan range -positive: 429.78 ± 33.4 mm; negative: 430.41 ± 39.5 mm.
Radiation exposures (DLP and SSDE) by BMI range were compared between the cohorts -group 1: BMI < 20 kg/m Table 1 and Figures 1 and 2 . DLPs were significantly higher for the NC studies in groups 2 and 3 and SSDEs were significantly higher for NC patients in groups 1 and 2. Other comparisons were not significant.
Of the 6 patients that had both PC and NC studies, all dose measurements were higher for all NC studies. Mean increases were as follows: DLP 21.11 mGy.cm (range 10.31-38.38 mGy.cm), ED 0.317 mSv (range 0.155-0.576 mSv) and SSDE 0.246 mGy (range 0.013-0.414 mGy). When mean dose indices were compared for these 6 patients, significant differences were seen for DLP (P = 0.005) and ED (P = 0.005) but SSDE was not significant (P = 0.175). The BMIs of these patients showed minimal change between study acquisitions -the BMI was lower for the NC studies in 4 cases (range 0.1-3.12 kg/m 2 ) and higher in 2 cases (range 1.2-5.7 kg/m 2 ). The effective abdominal diameter changed by < 2 cm in all cases.
Objective and subjective image quality analysis
Objective noise was measured at each of the 5 previously mentioned levels. The NC group had a significantly reduced objective noise when compared to the PC group at each of the 5 measured locations. Results as follows -liver at the hemi-diaphragm: 21 Subjective image noise, contrast resolution, spatial resolution and diagnostic acceptability were superior for the NC studies when compared with the PC examinations (P < 0.001 for all comparisons). NC streak artefact was insignificantly superior (P = 0.051) to PC streak artefact. Results are depicted in Figure 5 .
Bowel distension was significantly superior in the NC studies (median score 2, interquartile range 0) (P < 0.001) than the PC examinations (median score 1, IQR 1).
DISCUSSION
We found that negative PEG oral contrast examinations had significantly higher radiation doses than positive contrast studies, for most BMI subgroups and in those that had both NC and PC examinations, despite matched scan ranges. On the other hand, the resultant NC images reconstructed with MBIR were significantly superior to the PC MBIR images in terms of objective noise, objective signal to noise ratio, subjective noise, subjective contrast resolution, subjective spatial resolution and subjective diagnostic acceptability. NC subjective streak artefact was also insignificantly superior.
In terms of protocol parameter differences, settings for both the NC and PC studies were identical apart from the type of oral contrast and the intravenous (IV) contrast phase. The NC studies utilised an enteric phase IV contrast and the PC CT examinations utilised a more portovenous phase. It is worth noting firstly that the overall volume of IV contrast within the scan range is the same for both protocols hence this should not alter radiation dose. Secondly, when automated tube current modulation (ATCM) is employed, as was the case in these examinations, the selected mA gets chosen from the scanned projection radiograph before IV contrast is administered, hence the phase of IV contrast does not influence this aspect.
Hence, the type of oral contrast is the most important and perhaps only significant reason as to why the NC examinations had higher radiation doses than the PC scans.
Their results also indicated that bowel distension and hence intraluminal volume was greater with PEG oral contrast. It is likely that the overall attenuation influence of PEG oral contrast, when the total volume of fluid and per unit attenuation value are taken into account, particularly when used in combination with AEC/ATCM is in fact greater than positive oral contrast.
Future studies may involve the comparison of other negative contrast media and calculation of the overall intraluminal volume increase that results when PEG is consumed.
The greatest difference between each cohort with regard to radiation dose was observed in patients with a BMI of less than 25 kg/m 2 . Therefore, choice of contrast agent is especially important in this cohort as it may have a greater impact on radiation dose than in overweight patients. The reason for this remains unclear but it is possible that patients with a high BMI may behave differently with regard to other parameters such as ATCM performance. A further consideration in patients with a high BMI is that as intra-peritoneal inflammatory conditions often manifest as abnormalities of the adipose tissue adjacent to the inflamed organ, a larger quantity of adipose may a result in inflammatory changes being more readily apparent. This had led some authors to suggest the omission of oral contrast when scanning patients with a high BMI [21] . The results of the current study are important. As stated previously, major progress has been made in recent years in the area of radiation exposure reduction in abdomino-pelvic CT and the era of sub-millisievert abdomino-pelvic CT is fast approaching. This substantial progress has been achieved as a result of improved detectors, tailored protocols, AEC and more recently newer reconstruction techniques such as iterative reconstruction. Future reductions in radiation exposure will likely be smaller and will rely on finer protocol modifications. All elements of the acquisition process are now under scrutiny as part of the overall dose reduction strategy. The results of this study suggest that choice of oral contrast agent influences radiation exposure and should be added to a list of factors, which are worthy of further study.
In conclusion, our results suggest that PEG solution, when used as a negative oral contrast agent, results in significantly higher radiation doses in low dose abdominal CT imaging when compared with positive oral contrast, despite it being of lower density. This is likely attributable to the greater intraluminal volume and thus bowel distension achieved with PEG. This however, may have led to the significantly greater image quality recorded with the PEG studies. The choice of oral contrast agent should be tailored to the individual clinical scenario. In cases where bowel assessment is the key consideration, we suggest the use of a NC agent where in cases where bowel assessment may be a secondary consideration, a PC agent may be more appropriate so as to optimise overall radiation dose. Our study is novel and further examination of the relationship between oral contrast, radiation dose and diagnostic performance is warranted.
COMMENTS
Background
There has been considerable industry and profession-wide drive to reduce the radiation dose incurred by patients form diagnostic imaging with computed tomography. All elements of the acquisition process including technical parameters and reconstruction algorithm are now under scrutiny as part of an overall dose reduction strategy. The use of intraluminal contrast agents in the setting of abdominal imaging is another factor that warrants further assessment. Traditionally, positive oral contrast agents were favoured but there is a significant body of evidence that suggests that negative or no oral contrast have a similar efficacy. It is generally assumed that positive oral contrast agents lead to higher radiation doses than negative oral contrast agents, due to the increased radiation attenuation as a result of the increased density. Positive oral contrast universally contains either a dilute iodine-containing compound, e.g., 2% gastrografin or dilute barium. Negative oral contrast agents include water, polyethylene glycol (PEG), very dilute (approximately 0.1%) barium, methylcellulose, mannitol and milk. The authors designed a study to examine the influence that positive oral contrast has on patient radiation dose on low dose abdominal imaging when compared with PEG neutral oral contrast.
Research frontiers
A single previous study demonstrated that the use of water resulted in decreased radiation doses when compared with utilization of positive oral contrast, in a phantom model. No published study has examined the effect that PEG oral contrast has on radiation dose when compared to positive contrast in vivo or in vitro.
Innovations and breakthroughs
The results suggest that PEG solution, when used as a negative oral contrast agent, results in significantly higher radiation doses in low dose abdominal computed tomography (CT) imaging when compared with positive oral contrast, despite it being of lower density.
Applications
All elements of the acquisition process are now under scrutiny as part of an overall dose reduction strategy in CT. The results of this study suggest that choice of oral contrast agent influences radiation exposure and should be added to a list of factors when considering how best to optimise patient radiation dose from CT.
Terminology
PEG is a negative oral contrast agent.
Peer-review
The paper is interesting and clinically relevant. 
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